Introduction {#sec1-1}
============

Many kinds of somatic cells have been studied as transplants for the treatment of spinal cord injury, which include bone marrow stromal cells (BMSCs) (Ohta et al., 2004), Schwann cells (Williams and Bunge, 2012), olfactory ensheathing cells (Li et al., 2003; Iwatsuki et al., 2008), dental pulp-derived cells (Sakai et al., 2012), adipose-derived stromal cells (Arboleda et al., 2011), epidermal neural crest stem cells (Sieber-Blum et al., 2006), skin-derived precursor cells (Biernaskie et al., 2007), and choroid plexus epithelial cells (Ide et al., 2001). Among them, we have been studying the transplantation of BMSCs and choroid plexus epithelial cells (CPECs) for the treatment of the contusion-injured spinal cord of rats. BMSCs and CPECs were transplanted either directly into the spinal cord lesion, or indirectly by infusing them through the cerebrospinal fluid (CSF) *via* the 4^th^ ventricle.

With either method of transplantation, engrafted cells do not survive long-term, but disappear from the spinal cord 2--3 weeks after transplantation. Nevertheless, locomotor improvements and tissue repair, including axonal regeneration, were enhanced, suggesting that transplanted cells do not serve as scaffolds for regenerating axons, but secrete some neurotrophic factors effective for the promotion of the "intrinsic" regeneration capacity of the spinal cord.

Some somatic cells, such as Schwann cells, reportedly survive, but, in many cases, gradually decrease in number after transplantation. Usually, they show moderate proliferation, migration, and some differentiation after transplantation. They are well-integrated in the host spinal cord tissue (Deng et al., 2015). These properties of somatic cells guarantee their safety after transplantation in the host spinal cord. In comparison, immature cells such as neural stem/progenitor cells (NSPCs) exhibit an extensive capacity for proliferation, differentiation, and migration after transplantation in the spinal cord. The methods, by which the behaviors of NSPCs can be properly manipulated and controlled to be appropriately integrated into the host spinal cord should be developed before NSPCs can be used for clinical purposes.

Bone Marrow Stromal Cells {#sec1-2}
=========================

BMSCs are cells that adhere to the dish on culture of a bone marrow perfusate. Ohta et al. (2004) studied the indirect transplantation of BMSCs through the CSF in rats with acute SCI, showing that transplanted BMSCs were conveyed through the CSF to the spinal cord, where most BMSCs attached to the spinal cord surface, while a few invaded the lesion. Locomotor behaviors of rats were improved, and cavity formation in the spinal cord lesion was suppressed. Transplanted BMSCs did not survive long-term to be integrated into the host spinal cord, but disappeared from the spinal cord within 3 weeks after injection. There were no findings suggesting the proliferation, differentiation, or migration of transplanted BMSCs. The CSF harvested from the rats in which BMSCs had been injected 2 days previously promoted the neurosphere cells to adhere to the culture dish and spread to the periphery. These findings suggest that BMSCs exert effects by releasing some trophic factors into the CSF. Nakano et al. (2010) showed that conditioned medium (CM) of bone marrow stromal cells contained insulin-like growth factor-1 (IGF-1), hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), and transforming growth factor beta-1 (TGFβ-1).

Subsequently, a study on the direct transplantation of BMSCs into the spinal cord lesion of sub-acute SCI (2 weeks post-injury) showed that locomotor behaviors of rats clearly improved, and cavity formation in the spinal cord was markedly reduced (Ide et al., 2010). The spinal cord lesion, in which engrafted BMSCs were located, was not stained by immunohistochemistry for glial fibrillary acidic protein (GFAP). Accordingly, the lesion appeared as a large, empty cavity by immunohistochemistry. However, such astrocyte-devoid areas were, in fact, filled with extracellular matrices, through which numerous axons associated with Schwann cells extended longitudinally (**[Figure 1](#F1){ref-type="fig"}**). The finding that axons extended through the extracellular matrices in the astrocyte-devoid areas was an unexpected one: regenerating axons with characteristics of peripheral nerve fibers extended through the astrocyte-devoid area, and further grew beyond the borders of the astrocyte-devoid area into the surrounding host spinal cord tissue.

![One week after bone marrow stromal cells (BMSC) transplantation.\
The spinal cord was crush-injured 2 weeks before cell transplantation. (a-1) Immunohistochemistry for astrocyte (glial fibrillary acidic protein (GFAP)). Green fluorescent protein (GFP)-labeled BMSCs (green) are located as cell assemblies (long arrows) in the center of the spinal cord. GFAP-immunostained astrocytes (red) are seen in the ventral part of the spinal cord, while the dorsal side (asterisk) of the BMSC assemblies is devoid of GFAP immunoreactivity. Small BMSC clusters (short arrows) are also seen at the periphery of the spinal cord; (a-2): Immunohistochemistry for neurofilaments of the section adjacent to a-1. Numerous axons (red) are seen in the astrocyte-devoid area (asterisk) of the spinal cord. (a- 3) Immunohistochemistry for oligodendrocytes. No distinct staining for oligodendrocytes is found in the astrocyte-devoid area (asterisk) of the spinal cord. (b) Higher magnification of the astrocyre-devoid area of the section obtained from the same series of sections (a-1, 2 and 3), but at the different levels from them. Immunohistochemistry for neurofilaments. Abundant axons (red) are found around BMSCs (green, arrows) in the astrocyte-devoid area of the spinal cord. Scale: 60 µm for a, and 50 µm for b. From Ide et al. (2010).](NRR-11-1385-g001){#F1}

To examine whether the indirect transplantation of BMSCs was effective for sub-acute (1--2 weeks post-injury) and chronic (4 weeks post-injury) SCI, BMSCs were injected three times (once weekly) into the CSF *via* the 4^th^ ventricle (Nakano et al., 2013). Although transplanted BMSCs disappeared from the spinal cord within 7 days after transplantation, numerous axons were found extending longitudinally in the astrocyte-devoid areas of the spinal cord lesion filled with extracellular matrices, including collagen fibrils. Numerous axons surrounded by Schwann cells extended through the extracellular matrices. Locomotor functions were improved, and the cavity formation was reduced. These findings were the same as those obtained in the previous studies. These studies show that, although they do not survive long-term disappearing shortly after transplantation, BMSCs exert an effect on axonal outgrowth and locomotor improvement. It is hypothesized that BMSCs might secrete some neurotrophic factors effective for tissue repair, including axonal regeneration, in the spinal cord lesion.

The effect of transplantation of bone marrow mononuclear cells (BMNCs) for spinal cord injury was also studied. BMNCs were separated by density-gradient centrifugation from a bone marrow perfusate, and used for transplantation without cell culture. The indirect transplantation of BMNCs through the CSF enhanced locomotor improvement and tissue repair, while they disappeared shortly after transplantation, as in the case of BMSC transplantation (Yoshihara et al., 2008). These basic studies of transplantation of BMSCs and BMNCs led to the clinical application of these cells. Cells were indirectly transplanted into the CSF by lumbar puncture for patients. So far, the transplantation of BMSCs has been performed for 5 patients (Saito et al., 2012), and the transplantation of BMNCs has been performed for 10 patients (Suzuki et al., 2014). These series of cell transplantation studies confirmed the safety of the clinical transplantation of BMSCs and BMNCs. Unlike BMSCs, BMNCs can be used for transplantation without cell culture. This is a great benefit for BMNCs. BMNCs can be separated from a bone marrow perfusate of a patient, and transplanted autologously without cell culture to the patient by lumbar puncture in an operation room. BMNCs do not need an expensive cell processing facility.

Choroid Plexus Epithelial Cells {#sec1-3}
===============================

The choroid plexus (CP) takes part in the formation of the ventricular wall of the brain. The CP consists of epithelial cells and the underlying vascular-rich pia mater. The CP, by producing the CSF, may contribute to the maintenance of the normal environment of the central nervous system (CNS). It has been reported that the CP is the primary gate for trafficking immune cells from the vascular system to the CSF in CNS impairment (Kunis et al., 2015). The transplantation study using minced CP as a transplant showed that the CP enhanced axonal regeneration in the spinal cord (Ide et al., 2001). This result suggests that the CP can be used as a transplant to efficiently promote axonal regeneration in the spinal cord. The co-culture of CPECs with neurons showed that neurons associated with CPECs extended extensive neurites on the surface of CPECs (Chakrabortty et al., 2000; Kimura et al., 2004). Another study showed that conditioned medium of CPEC culture enhanced neuronal survival and neurite extension of hippocampal neurons (Watanabe et al., 2005). These studies show that CPECs have dual effects, *i.e*., cell contact and humoral trophic effects, to enhance neurite extension. Matsumoto et al. (2010) demonstrated that the infusion of cultured CPECs through the CSF markedly reduced the size of ischemic lesions caused by middle cerebral artery ligation. In this experiment, no CPECs entered the ischemic areas, suggesting that cultured CPECs exerted their effects by releasing some neurotrophic factors in the CSF.

Recently, we carried out a study on CPEC transplantation, in which cultured CPECs were directly injected into the spinal cord lesion (Kanekiyo et al., 2016). The spinal cord was contusion-injured at T~8-9~, and, 1 week after injury, the cultured CPECs were transplanted into the spinal cord lesion. CPECs, although they are neuronal cells, showed only short-term survival (**[Figure 2](#F2){ref-type="fig"}**), and disappeared from the spinal cord within 2--3 weeks. This finding was unexpected for us. Before experiments, it was anticipated that CPECs, ependymal--lineage neural cells, could survive long-term in the spinal cord. The disappearance of CPECs may be due to a harsh environment of the lesion, and/or an immunological reaction, since the rats used for the experiment were the closed colony SD strain. However, the locomotor functions were significantly improved, and cavity formation was reduced. Numerous axons extended through the astrocyte-devoid areas, as described in the case of BMSC transplantation (**[Figure 3](#F3){ref-type="fig"}**). There was no finding suggesting an astrocyte scar at the border of the lesion. Regenerating axons appeared to extend smoothly through the border areas. These findings are the same as those found in the case of BMSC transplantation. CPECs exhibited no differentiation after transplantation. The important findings are that, although both BMSCs and CPECs do not survive long-term to be integrated into the host spinal cord tissue, locomotor improvements and axonal regeneration are promoted by their transplantation. The transplantation of these cells might elicit and promote the "intrinsic" ability of the spinal cord to regenerate. It is suggested that neurotrophic factors secreted from BMNCs and CPECs are responsible for these regenerating effects.

![Two days after green fluorescent protein (GFP)-labeled choroid plexus epithelial cell (CPEC) transplantation.\
The spinal cord was crush-injured 1 week before cell transplantation. (A) Clusters of CPECs in the spinal cord lesion. Three large CPEC clusters are shown with rectangles (a--c). (B) This unstained transmitted-light micrograph shows the localization of transplanted CPECs in the spinal cord tissue (arrows). (C) Glial fibrillary acidic protein (GFAP) immunostaining for astrocytes (red). Green-fluorescent CPEC clusters (arrows) are located partly in association with astrocytes at the border of the lesion. No astrocytes can be seen within the lesion. Scale: 500 µm for A--C, and 100 μm for a--c. From Kanekiyo et al. (2016).](NRR-11-1385-g002){#F2}

![Two weeks after choroid plexus epithelial cell (CPEC) transplantation.\
The spinal cord was crush-injured 1 week before cell transplantation. (A) This section was double-stained for axons (red) and astrocytes (green). Numerous axons extend through the astrocyte-devoid areas in the spinal cord lesion. Transplanted CPECs are not found in this section. The areas enclosed with rectangles (a and b) were enlarged in panels a and b. Scale: 500 µm. (a) Many axons with various diameters extend irregularly through the astrocyte-devoid area. (b) The extension of axons is not blocked at the border of the lesion (arrow). Scale: 100 µm for a and b. From Kanekiyo et al. (2016).](NRR-11-1385-g003){#F3}

The fact that BMSCs and CPECs did not survive long-term, disappearing shortly after transplantation, appeared to be a disadvantage. However, on the contrary, these properties are desirable from the clinical point of view of safety: transplants do not exert undesirable extra-effects to threaten the safety of recipients.

Neural Stem/Progenitor Cells {#sec1-4}
============================

Our previous studies of the transplantation of NSPCs showed the problems of immature cell transplantation. NSPCs survived long-term, proliferated, and differentiated into neuronal cells (Bai et al., 2003; Wu et al., 2003). Lu et al. (2014) demonstrated that human induced pluripotent stem cells-derived NSPCs survived long term, proliferated, and differentiated into neurons that extended axons over long distances in spinal cord injury. These properties appeared to be an advantage of transplants. In fact, cell transplantation studies have a premise that the transplanted cells should survive to be integrated into the host spinal cord, and contribute to axonal regeneration, leading to the establishment of neural circuits in the host spinal cord. However, at present, the proliferation, differentiation, and migration of the transplants cannot be manipulated and controlled to allow NSPCs to be appropriately integrated into the host spinal cord tissue. In addition, regarding functional recovery, NSPC transplantation is not necessarily effective for locomotor improvement. Locomotor improvement is an essential parameter for the clinical application of cell transplantation.

Conclusion {#sec1-5}
==========

The transplantation of somatic cells such as bone marrow stromal cells and choroid plexus epithelial cells promotes axonal regeneration and enhances locomotor improvements. However, they do not survive long term after transplantation into the spinal cord. This suggests that some neurotrophic factors are released from those transplants to accelerate axonal regeneration through the astrocyte-devoid area formed in the epicenter of the lesion. Neurotrophic factors stimulate the "intrinsic" ability of the spinal cord to regenerate. This concept is important for the treatment of SCI. The intrinsic regeneration ability of the spinal cord includes the outgrowth of regenerating axons that are associated with Schwann cells through extracellular matrices in astrocyte-devoid areas formed at the epicenter of the lesion.
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